Abstract. Podocalyxin is the major sialoprotein in the glycocalyx of glomerular podocytes. Here we report on its extraglomerular localization, using a monospecific antibody which was obtained by affinity purification of IgG on nitrocellulose transfers of glomerular podocalyxin. By indirect immunofluorescence, podocalyxin was found in the blood vessels of several organs (lung, heart, kidney, small intestine, brain, pancreas, aorta, the periportal blood vessels in liver, and the central arteries of follicles of the spleen, but not in the endothelia that line the sinusoids of the latter organs). By immunoelectron microscopy--using immunogold conjugates in diffusion Cpre-embedding") and surface Cpostembedding") procedures--podocalyxin was localized on the luminal membrane domain of endothelial cells, in a patchy distribution. The presence of podocalyxin was confirmed in SDS extracts of lung tissue by immunoblotting.
glycocalyx of glomerular podocytes. Here we report on its extraglomerular localization, using a monospecific antibody which was obtained by affinity purification of IgG on nitrocellulose transfers of glomerular podocalyxin. By indirect immunofluorescence, podocalyxin was found in the blood vessels of several organs (lung, heart, kidney, small intestine, brain, pancreas, aorta, the periportal blood vessels in liver, and the central arteries of follicles of the spleen, but not in the endothelia that line the sinusoids of the latter organs). By immunoelectron microscopy--using immunogold conjugates in diffusion Cpre-embedding") and surface Cpostembedding") procedures--podocalyxin was localized on the luminal membrane domain of endothelial cells, in a patchy distribution. The presence of podocalyxin was confirmed in SDS extracts of lung tissue by immunoblotting.
We conclude that (a) podocalyxin is a widespread component of endothelial plasma membranes, (b) it is restricted to the luminal membrane domain, and (c) it is distributed unevenly on the endothelial cell surface.
E
NDOTHELIAL cells contain negatively charged molecules on their surfaces which have been detected by several cationic probes, such as cationic ferritin (18, 19) and Alcian blue (18) . Studies with cationic ferritin have established that anionic sites are present both on the luminal (2, 3, 18, 19) and on the abluminal cell surface (14) . The anionic groups were found in a nonrandom distribution in microdomains of the endothelial plasmalemma (2, 3) .
The endothelial polyanionic microdomains are composed mainly of proteoglycans and sialoproteins, as indicated by the selective removal of anionic sites by digestion in situ with heparinase, neuraminidase, and proteases (16). Proteoglycans have been characterized by biochemical methods in cultured endothelial cells in vitro (1) , but individual sialoproteins have not been identified so far in endothelial cell membranes.
We have recently isolated and characterized a sialoprotein with an apparent Mr of 140,000 from rat renal glomeruli. Because this glycoprotein was most concentrated on the surface (glycocalyx) of glomerular epithelial cells (podocytes), it was called "podocalyxin" (9) .
Here we report that podocalyxin is a component of endothelial cells in several organs, and that it is localized in the luminal cell membranes in a patchy distribution.
Materials and Methods

Animals
Male Sprague-Dawley rats ( 150-200 g) were obtained from the Tierzuchtinstitut der Universil~it Wien.
Materials
SDS, acrylamide, bis-acrylamide, dithiothreitol, nitrocellulose membranes, and high molecular mass standards were from Bio-Rad Laboratories (Richmond, CA). Wheat germ agglutinin (WGA) ~ and Aquacide II were from CalbiochemBehring (San Diego, CA). ~251-Protein A was from Amersham Corp. (Arlington Heights, IL). Fluorescein isothiocyanate (FITC)-conjugated goat-anti rabbit IgG was from Behring Corp. (Marburg, Germany). Goat anti-rabbit IgG-10-nm gold conjugate was from Jannsen Pharmaceutical (Beerse, Belgium). The acrylic resin LR White was purchased from the London Resin Company (Basingstoke, UK). Nonidet P-40 (NP-40), dimethyl sulfo×ide, and Ponceau S were from Sigma Chemical Co. (St. Louis, MO). Protein A-Sepharose 4B was from Pharmacia Fine Chemicals (Uppsala, Sweden).
by overlaying of nitrocellulose strips with crude anti-podocalyxin IgG and 3Z~l-protein A (9) . Subsequently, the region of the transfer which contained podocalyxin was excised. This strip was then quenched in 10% fetal calf serum and 1% bovine serum albumin in phosphate-buffered saline (PBS) for 1 h at 20"C, followed by incubation in 10 ml PBS containing 5 flag rabbit IgG and 1% bovine serum albumin for 12 h at 4"C. After washing in PBS (5 x 10 min), the bound lgG was eluted in 5 ml of 20 mM glycine-HCl buffer, pH 2.3, for 2-3 min at 4"C. The eluate was neutralized with 1 M NaOH, and diluted to 15 ml with PBS, followed by dialysis against PBS (12 h, 4°C, 5 liters) and concentration with Aquacide I! to 2 ml.
Transfer of Lung and Glomerular Extracts
Rat lungs were flushed blood-free by perfusion with PBS (25 ml at 4"C) via the right ventricle. They were minced with a razor blade, and homogenized with 3-5 ml 2x SDS sample buffer (containing 7.2% SDS, 36 mM dithiothreitol, 9 mM EDTA, I00 mM Tris-HC1, pH 6.8, 20% glycerol) with 10 strokes in a Potter-Elvejbem homogenizer, followed by boiling for 2 min. The homogenate was then centrifuged 5 min in a Microfuge (10,000 g).
The proteins of the lung extracts and of kidney glomeruli were separated on 5-10% gradient SDS gels and transferred electrophoretically onto nitrocellulose membranes, as described previously (8) . The transfers were stained with 0.5% Ponceau S in 5% trichloroacetic acid, destained in 10% acetic acid, and photographed.
Overlays with 125 WGA and Anti-Podocalyxin IgG
The nitrocellulose transfers were cut into strips, each containing the protein patterns of lung, glomerular extract, and of molecular mass standards. These strips were quenched in 1% hemoglobin in PBS at 20"C for 1 h, and incubated with 1-3 x 106 cpm of ~251-WGA (which was labeled by the chloramin T method as described previously [9] , washed three times in PBS with 0.04% NP-40, and exposed for autoradiography on Kodak Xomat-L film with a Cronex intensifying screen at -70*(? for 6-12 h.
The immuneoverlay with affinity-purified anti-podocalyxin IgG was performed as described previously for crude IgG (8) . Briefly, the nitrocellulose strips were quenched in 1% hemoglobin in PBS as described above. Incubation in IgG (10 ug/ml) in PBS with 0.1% hemoglobin was performed for 12 h at 4"C, followed by three 10-min washes in PBS with 0.04% NP-40. Subsequently the strips were exposed for autoradiography as described above.
Immunofluorescence
Some major organs of rats were flushed blood-free by perfusion with 50 ml PBS via the left ventricle after opening of the right atrium. Small blocks of several organs (kidney, heart, small intestine, pancreas, liver, spleen) were excised. The lung was slightly inflated by a balloon connected tothe trachea after thoracotomy, and it was perfused with PBS via the right ventricle after opening of the left auricle. The samples were frozen in N2-cooled isopentane, and 2-um cryostat sections were prepared. The sections were fixed for 30 s in acetone at -20"C, and then air dried. Subsequently they were incubated with affinity-purified monospecific anti-podocalyxin IgG (5-15 #g IgG/ml) for 1 h at 20°C, washed three times for 10 min in PBS, and incubated in FlTC-goat anti-rabbit IgG for 30 min. After washing three times for 10 min in PBS, the sections were embedded in 50% glycerol in PBS, and photographed in a Leitz fluorescence microscope.
In control experiments the first antibody was omitted or replaced by lgG of defined specificity for nonvascular antigens.
Fixation of Tissue for Immunoelectron Microscopy
Rat organs were flushed blood-free as described above, with minimal essential medium instead of PBS. Perfusion was continued with 50 ml of paraformaldehyde-lysine-periodate mixture (11) for 5 rain. Small tissue blocks were excised and fixation was continued for 6 h at 20"C. The blocks were subsequently incubated for 1 h in 10% dimethyl sulfoxide in PBS at 20"C, and frozen in N2-cooled isopentane. 4-~zm-thick cryostat sections were prepared for further processing by immunogold staining by the diffusion ("pre-embedding") method.
For subsequent embedding in LR White acrylic resin and labeling by immunogold in a surface ("postembedding") method, the tissues were perfused similarly, with the exception that 4% freshly prepared formaldehyde (from paraformaldehyde) and 0.5% glutaraldehyde was used as fixative rather than the paraformaldehyde-lysine-periodate mixture. Fixation time was 15 min at 4°C.
Immunogold Staining by the Diffusion ("Pre-embedding") Method
The technique for indirect immunogold localization has been described in detail previously (8) . Briefly, 2-4-#m thick cryostat sections of PLP-fixed tissues were incubated in affinity-purified monospecific anti-podocalyxin IgG for 12 h at 20"C. After washing, the sections were incubated in goat anti-rabbit lgG-gold conjugate (10 nm, diluted 1:25), followed by washing and incubation in veronal acetate-buffered osmium and 0.2% aqueous uranyl acetate. Ultrathin sections were stained with aqueous uranyl acetate and lead citrate, and examined in a Zeiss EM9 electron microscope.
In control experiments the first antibody was omitted, or replaced by another IgG of defined specificity other than podocalyxin.
Immunogold Staining by the Surface ("Postembedding") Method in LR White
Acrylic Resin
We have developed an embedding procedure in LR White specificially for immunoelectron microscopy with gold conjugates. The embedding protocol was based on the previous procedures of Newman et al. (12) for immunoperoxidase, and Ellinger and Pavelka (4) for lectin binding. All steps were carried out on ice. Small fixed tissue samples were first incubated in 10 mM ammonium chloride in PBS for 20 min, washed three times for 10 min in PBS, and dehydrated for 30 min in 70%, 80%, and twice for 20 min in 90%, ethanol. Then the specimens were incubated for 1 h in 90% ethanol which was saturated with LR White, followed by two 6-h incubations in pure resin. For polymerization, one drop of accelerator was added to 10 ml of ice-cold LR White, and aliquots were distributed into dry, cold gelatine capsules to which the tissue blocks were added. Polymerization took place within 30-60 min on ice. Ultrathin sections were collected on Formvar-carbon coated nickel grids.
The sections were quenched in PBS containing 2% swine serum (PBS-SS) for 30 min, followed by incubation in anti-podocalyxin lgG (25 #g/ml) in PBS-SS for 1-12 h at 20*(2. After five 10-min washes in PBS-SS, the grids were incubated for 60 min in goat anti-rabbit gold conjugate (10 nm, diluted h25), washed three times for 10 rain in PBS-SS and once for 10 min in PBS, followed by fixation in 2.5% glutaraldehyde in 100 mM cacodylate buffer, pH 7.2. After three 10-min washes in H20, the sections were placed on drops of aqueous 2% osmium tetroxide for 30 min, washed in water, and stained in aqueous 2% uranyl acetate (15 rain), and alkaline lead citrate (5 min).
The same controls were used as listed above for the diffusion protocol.
Quantitation of the Distribution of Podocalyxin
For quantitative assessment of the distribution of gold particles in relation to endothelial vesicles and diaphragms, micrographs (x 45,000) from nonfenes- (Fig. 2 ) not only in the glomeruli, but also in the interstitial capillaries. It is further found in the blood vessels of the pancreas (Fig. 3) , in the heart (Fig. 4) , and in the alveolar capillaries of the lung (Fig. 5) . Bar, 10 urn.
trated endothelia (lung, heart), and fenestrated endothelia (kidney, pancreas)-which were labeled by the diffusion method--were evaluated. Two groups of localization were distinguished: (a) groups of gold particles which were outside a radius of 1130 nm around the infundibular area of endothelial vesicles, and (b) clusters which are within this radius. 100 nm was chosen because the distance between a gold particle and the cell membrane was 40-50 nm, caused by the layers of intercalating antibodies and probably also by a part of the podocalyxin molecule. The total number of clusters of gold particles and the number of vesicles and diaphragms were also recorded. Results were expressed as percentage of clusters of gold particles closer or farther than 100 nm from vesicles or diaphragms.
Results
Characterization of Podocalyxin and Anti-Podocalyxin IgG
Podocalyxin was shown previously (9) to stain in SDS gels with silver salts and with "Stains All," indicating that it is negatively charged. In addition, it was found to bind WGA (Fig. 1, lane C) , and this affinity was abolished by digestion with neuraminidase. The specificity of a rabbit IgG--which was raised against a WGA-binding fraction of glomerular molecules--for podocalyxin was demonstrated previously by immunoprecipitation and immuneoverlaying (9) . The antibody is presumably directed against the protein core of the molecule and/or some proximal components of the N-linked carbohydrate chains, because digestion with Endoglycosidase F and neuraminidase did not interfere with its binding (10) .
The IgG used in this study was further purified by adsorption to glomerular podocalyxin which was immobilized onto nitrocellulose (20) . When this affinity-purified IgG and ~25I-protein A were used for immuneoverlaying on nitrocellulose transfers of glomerular proteins, only the 140-kD band--which is characteristic for podocalyxin--was detected, even after long times of exposure for autoradiography (Fig. 1, lane  D) . (Fig. 6 ) and in spleen (Fig. 7) . The molecule is present only in the major blood vessels in the periportal area of the liver (bc indicates a bile duct), and in the central artery (ca) of a spleen follicle. It is not detectable in the lining cells of the sinusoids in either organ. Bar, 10 #m.
Figures 6 and 7. Localization of podocalyxin by indirect immunofluorescence in liver
Biochemical Detection of Podocalyxin in Lung
When SDS extracts of lung tissue--which is particularly rich in blood vessels--were analyzed by SDS PAGE, numerous bands were observed, indicating a wide spectrum of proteins of different molecular masses (Fig. 1, land E) . In overlays with ~25I-WGA, several bands bound the lectin, including one with a molecular mass of 140 kD i.e., the same electrophoretic mobility as glomerular podocalyxin (Fig. 1, lane F) .
In immuneoverlays of lung extracts with affinity-purified anti-podocalyxin IgG, a single band with an apparent molecular mass of 140 kD was observed (Fig. 1, lane G) , i.e., the same mobility in SDS PAGE as podocalyxin from glomerular lysates. When extracts of several other organs were used, the signal obtained by immuneoverlaying was very weak, probably due to the relatively low amount of endothelial membrane proteins present.
lmmunofluorescence
In cryostat sections of kidney (Fig. 2), pancreas (Fig. 3) , heart (Fig. 4), lung (Fig. 5) , and a small intestine (not shown), the blood vessels of all calibers were strongly labeled by the affinity-purified anti-podocalyxin IgG. By contrast, in liver only the branches of the hepatic artery and the portal vein in the periportal area were stained (Fig. 6 ). In the spleen, the staining was restricted to the major segmental blood vessels, and to the central arteries of the follicles (Fig. 7) . The cells lining the sinusoids of liver and spleen were consistently negative. When the first antibody was omitted or when another IgG of different specificity was used, no fluorescence was observed in the vasculature.
Immunogold Methods for Electron Microscopical Localization of Podocalyxin
Podocalyxin was localized by immunogold techniques with affinity-purified anti-podocalyxin IgG in lung (Figs. 8-11 ), pancreas (Figs. 12-14) , kidney cortex (Figs. 15-18) , and heart, small intestine, and aorta (not shown).
A diffusion (pre-embedding) procedure was used because of its relatively high sensitivity. For confirmation of the results obtained by this protocol, surface (postembedding) immunostaining was performed, because in this method antigenic sites are exposed which could be inaccessible for the immunocytochemical reagents in diffusion procedures.
Both methods revealed the localization of podocalyxin on the luminal domain of the endothelial plasmalemma in a discontinuous, patchy distribution in all vessels which were examined. The number of gold particles per cluster was, however, smaller in the surface technique, probably due to its relatively low sensitivity (Figs. 15-18 ). Similar results were obtained when protein A-gold was used instead of IgG-gold conjugates (not shown). All controls failed to show vascular labeling.
Nonfenestrated Capillary Endothelia
In the capillaries of the lung (Figs. 8-11 ) and the heart (not shown), podocalyxin was found in a patchy distribution on the luminal plasmalemma. In most cases the diaphragms of the plasmalemmal vesicles were not decorated (Figs. 9 and l l). Many coated pits on the luminal plasmalemma were associated with podocalyxin ( Figs. 10 and 11 ), but smooth endothelial vesicles were usually devoid of gold particles (Figs. Figures 8-11 . Localization of podocalyxin in the capillaries of the lung by the immunogold technique in a diffusion (pre-embedding) protocol, using affinity-purified anti-podocalyxin IgG as the first antibody. At low magnification (Fig. 8) , the gold particles are seen to be distributed unevenly in small patches. At higher magnification (Figs. 9-11 ), the patches of gold particles appear on the luminal plasmalemma in association with coated pits (cp) in Figs. 9 and I I. The label is absent from most endothelial vesicles and their diaphragms (arrows in Figs. 9 and 10 ). The basement membrane is marked bin, and the type I alveolar epithelial cells, el. Bars, 1 /~m (Fig. 8) and 0. l ~tm (Figs. 9-1 l) .
9-11). Quantitative evaluation of 619 clusters of gold particles in relation to endothelial vesicles indicates that 86% were outside and 14% were inside a radius of 100 nm around the infundibula of vesicles. These data are accumulated from evaluation of lung and heart capillary endothelia which show similar distribution.
Fenestrated Capillary Endothelia
In the capillaries of the pancreas (Figs. 12-14) , the peritubular capillaries of the kidney cortex (Figs. 15-17) , and in the small intestine (not shown), podocalyxin was detected in patches on the luminal plasmalemma in both immunogold methods which were used in this study. Quantitative assessment of the distribution of gold clusters on capillary endothelia of kidney cortex and pancreas indicated that 91% of the clusters (out of a total of 320) were located outside, and 9% within 100 nm of the diaphragms.
Podocalyxin was localized by the surface method in kidney glomeruli to avoid problems which were previously encountered in diffusion procedures by the limited accessibility of antigenic molecules close to the glomerular basement membrane (9). On ultrathin sections of LR White embedded kidney glomeruli, podocalyxin was found restricted to the luminal surface of the fenestrated endothelial cells (Fig. 19) .
Podocalyxin in the Endothelium o f Arterial and Arteriolar Vessels
Podocalyxin was also found in blood vessels other than capillaries. For example, in the endothelium of all branches of the coronary artery (Fig. 4) , in the arterioles of the kidney (Fig. 18) , and in the abdominal aorta (not shown), podocalyxin was found in a patchy distribution similar to that in capillaries. A systematic study comparing the concentrations of podocalyxin in different segments of the vasculature is in progress.
Discussion
Endothelial cells are endowed with a polyanionic surface coat (2, 3, 18, 19) . The electronegative charges are carried in part by proteoglycan molecules, of which a heparan sulfate-containing species was recently identified (1, 16). There is also evidence for the presence of sialoproteins (2, 3, 16), which were, however, not yet defined by biochemical methods. Here we report that podocalyxin--the major glomerular sialoprotein (9)--is a widespread component of endothelial cells in several organs of rats. Moreover, podocalyxin is concentrated at the luminal domain of the endothelial plasmalemma, and it is distributed there unevenly in a patchy pattern.
Podocalyxin was initially localized in the vasculature of several organs by immunocytochemistry. Therefore, it was necessary to confirm its presence separately by biochemical techniques. We have immuneoverlayed nitrocellulose transfers of SDS extracts of lung tissue, which is particularly rich in endothelial cells, with affinity-purified anti-podocalyxin IgG, and we have detected a molecule with the same electrophoretic mobility and with identical antibody-and WGAbinding characteristics as podocalyxin from kidney glomeruli. Localization of podocalyxin in capillaries of the pancreas by the diffusion (pre-embedding) technique. In the survey view (Fig.  12) , a patchy distribution of gold gains is seen, similar to that in the pulmonary endothelia. One fenestrum is devoid of label (f), whereas another is covered by gold particles (f'). Few gold particles (indicated by circles) are found in this preparation on the outside of the endothelial cells probably due to unspecific sticking of the gold conjugate to structures of the basement membrane. Figs. 13 and 14 are higher magnifications of a capillary wall in which several podocalyxin-containing areas of the plasmaiemma are seen, but the fenestral diaphragms (f) are free of label. Note that the gold particles are separated by a 50-nm interspace from the cell membranes (Figs. 13 and 14) , probably due to a layer of intercalated lgG molecules and probably also by a part of the podocalyxin molecules. Bars, 1 um (Fig. 12) and 0. I ~m (Figs. 13 and 14) .
Based on the similar properties of lung (vascular) and glomerular (predominately podocytic) podocalyxin, it is likely that the molecules from both sources are identical, or at least very similar. It is reasonable to assume, therefore, that the antibody detects authentic podocalyxin also in the endothelia of other, less vascularized organs, in which the fraction of endothelial membrane proteins in SDS extracts is probably below the sensitivity of the immuneoverlay technique.
Glomerular podocalyxin is relatively rich in sialic acid. Direct chemical analysis has shown that it contains 15-20 sialic acid residues per molecule (10) . Therefore, it could contribute negative charges to the polyanionic surface coat of endothelia.
Because podocalyxin has a high affinity to WGA in nitrocellulose transfers, it is likely to be a component of the WGA binding sites in endothelium, which were recently discovered by a combination of lectin-histochemistry and digestion with neuraminidase ( 13, 17) . Currently it is not known if podocalyxin is the only endothelial sialoprotein, or a member of a larger family.
By indirect immunofluorescence with affinity-purified IgG, podocalyxin was localized exclusively to blood vessels of all calibers in lung, heart, small intestine, and pancreas. By contrast, it was absent from the endothelia of the sinusoidal capillaries of liver and spleen. The significance of this differential distribution is not known. By contrast, another protein which was recently discovered on glomerular podocytes and on endothelia ("podoendin" [7] ), was also localized on the endothelia of liver sinusoids.
The precise localization of podocalyxin in the vascular wall one is associated with gold particles (f'). BM, basement membrane. Bars, l t~m (Fig. 15) , and 0.1 ~m (Figs. 16-18 ).
was established by immunoelectron microscopy. I m m u n ogold staining with affinity-purified IgG of nonfenestrated capillaries in lung, heart, and kidney, and fenestrated capillaries in pancreas and small intestine, indicates that podocalyxin is present selectively in the luminal domain of the endothelial plasmalemma and is absent from the abluminal aspect. This Figure 19 . Localization of podocalyxin in a kidney glomerulus by the surface technique. In this grazing section, the fenestrated endothelium shows labeling on its luminal aspect. Gold particles are, however, completely absent from the endothelial plasma m e m b r a n e which faces the glomerular basement m e m b r a n e (BM). Note also the dense labeling on the surface of the podocyte and the foot processes. US, urinary space. Bar, O. 1/~m. Previous work with cationic ferritin has established that polyanionic, salic acid-containing groups are restricted to microdomains of the endothelial plasmalemma (15, 18) and that they are excluded from endothelial vesicles and diaphragms (18). Immunoelectron microscopy has revealed podocalyxin molecules are also distributed nonrandomly in a patchy pattern. The precise analysis of the relation of podocalyxin to vesicles and diaphragms, however, is currently complicated by limitations of the immunogold-diffusion technique: in contrast to cationic ferritin, which binds very closely to the plasmalemma and also enters vesicles (18), the resolution of the immunogold method is limited by the distance of the gold particles from the plasma membrane, and by the restricted accessibility of vesicles to the gold conjugate. Quantitative data indicate that the majority of gold particles is located outside the diaphragms, and probably also outside of endothelial vesicles. Whether podocalyxin is indeed a component of the microdomains or is localized in different areas of the endothelial plasmalemma remains to be determined.
The functions of endothelial sialoproteins are not known in detail. Several investigations indicate that they are involved in important biological processes, such as the sticking of platelets (5) and granulocytes (6) . With the definition of podocalyxin as an endothelial sialoprotein and the availability of specific antibodies it will be possible to clarify its role in normal and in pathological conditions.
